Introduction
Tooth development is a highly organized process involving sequential and reciprocal interactions between epithelial and mesenchymal cells. Enamel formation originates from ectodermal cells and proceeds through a series of cytodifferentiations in a spatial-temporal pattern [Linde and Goldberg, 1993] . Amelogenesis is a complex process in which multiple signaling pathways converge to induce enamel formation, and it is controlled by many growth factors and transcriptional factors [Thesleff, 2003] . The balance of stimulatory and inhibitory signals plays an important role in enamel formation.
Members of the bone morphogenetic protein (Bmp) family have diverse biological functions during osteogenesis and embryonic development [Hogan, 1996; Rosen, 2009] . Among the Bmp family members, Bmp2 has been extensively studied for its various biological functions during chondrogenic and osteogenic differentiation [Reddi, 1997; Ducy and Karsenty, 2000] . Bmp2 expression has been detected in epithelial and mesenchymal cells during tooth development [Aberg et al., 1997; Chen et al., 2008] . Bmp2 is able to induce ameloblast differentiation and enamel-related gene expression in vitro [Miyoshi et al., 2008] . These results indicate that Bmp2 is important for ameloblast differentiation and enamel formation. However, the role of Bmp2 in enamel development in vivo, in particular during postnatal enamel formation, has not been described as homozygous mutant embryos for Bmp2 show developmental abnormalities and die at embryonic day 9.5 [Zhang and Bradley, 1996] . Recently, conditional Bmp2 knockout (Bmp2-cKO) mice were generated, and they revealed a critical role of Bmp2 in later stages of osteogenesis and bone fracture healing as well as other forms of organ development [Ma et al., 2005; Lee et al., 2007; Castranio and Mishina, 2009] .
In this study, we used an Osterix (Osx)-Cre model that activates Cre as Osx is actively expressed in ameloblasts and other dental tissues [Chen et al., 2009; Hirata et al., 2009] . We characterized the effect of Bmp2 ablation on mice and showed that Bmp2 ablation leads to abnormal enamel formation during postnatal stages.
Animals and Methods

Animals
All animal protocols were reviewed and approved by the Institute of Animal Care at the University of Texas Health Science Center at San Antonio. All animals were fed a soft diet (ClearH 2 O, Portland, Me., USA), and both Bmp2-cKO mice and Bmp2 control mice (wild type and heterozygote Bmp2) were used for these studies. A conditional allele of the mouse Bmp2 gene was created by introducing Cre recombinase recognition sites (loxP) flanking upstream and downstream of exon 3 of the Bmp2 gene [Ma et al., 2005] . The floxed Bmp2 mice were crossed with Osx-Cre mice (Jackson Laboratory, Bar Harbor, Me., USA) to generate Bmp2-cKO mice. Bmp2-cKO mice with a deletion of exon 3 were identified by PCR analysis using floxed Bmp2-specific primers. Genomic DNA was isolated from mouse tails using a DNA purification kit (Promega, Madison, Wisc., USA). The primers used for detecting the wild and mutant alleles were: forward, 5 -CGGGAACAGATACAGGAAGC-3 ; reverse, 5 -GCTGTTTGT-GTTTGGCTTGA-3 (wt); forward, 5 -AGGGTTTCAGGTCA-GTTTCCG-3 ; reverse, 5 -GATGATGAGGTTCTTGGCGG-3 (flox); forward, 5 -AGCATGAACCCTCATGTGTTG-3 , and reverse, 5 -GCTGTTTGTGTTTGGCTTGA-3 (recombinant).
Microscopic Analysis of Teeth
Animals were anesthetized using ketamine (Sigma-Aldrich, St. Louis, Mo., USA). Tooth morphology was recorded under light microscopy. For histological examination, mandibles were fixed in 4% paraformaldehyde overnight. The samples were decalcified, embedded in paraffin, sectioned, and stained with hematoxylin/ eosin. Tooth surfaces from control and Bmp-cKO mice were recorded by scanning electron microscopy (SEM) at 20 kV (JEOL JSM 6610 LV; JEOL, Inc., Peabody, Mass., USA).
X-Ray Analysis
Radiography was used to measure changes in teeth and bones. Maxillae and mandibles were radiographed using a Faxitron radiograph inspection unit (Faxitron X-Ray Corporation, Lincolnshire, Ill., USA). Digitized images were analyzed using AnalySIS software to measure the size and width of selected components in the incisors and molars. Tooth mineral density was measured using ImageJ (NIH, Bethesda, Md., USA).
Micro-Computed Tomography
Mandibles from Bmp2-cKO mice plus control mice were stored in 10% neutral buffered formalin at 4 ° C until processing. Samples were scanned at Numira, Inc. (Salt Lake City, Utah, USA) using a high-resolution scanner (Scanco Medical AG, Basserdorf, Switzerland), and the image data were acquired. The micro-computed tomography (micro-CT)-generated DICOM files were used to analyze the samples and to create volume and density renderings of the enamel of molars and incisors. The raw data files were viewed using Microview (GE Healthcare, Milwaukee, Wisc., USA).
Statistical Analysis
All values are presented as means 8 standard deviation (SD). Data were analyzed using an unpaired Student t test. p ! 0.05 was considered statistically significant.
Results
Gross Tooth Analysis of Bmp2-cKO Mice
The Bmp2-cKO mice were identified during a largescale screening for genotypes and phenotypes ( fig. 1 ) . The Bmp2-cKO mice were fertile, and newborns appeared normal. However, as early as 4 weeks of age, these mice were small in size compared to the control mice (data not shown). Gross morphological analysis of the teeth of Bmp2-cKO mice revealed small, asymmetric, open forked, and uneven incisors ( fig. 1 b, c) . Noticeably, the incisal edge of the lower incisors was jagged and showed severe wearing, and incisor tips were broken ( fig. 1 d) . In contrast, the incisors of the control mice were symmetric and presented as smooth and opalescent ( fig. 1 e-g ).
Enamel Mineral Density and Layer Thickness in Bmp2-cKO Mice
Radiography analysis revealed that the enamel of the Bmp2-cKO mice was thin and the enamel radiopacity decreased compared to the control mice ( fig. 2 a, b) . The mineral density of teeth from Bmp2-cKO mice was reduced compared to that of the control mice ( fig. 2 c) . By Faxitron analysis, incisor tips were broken and dental pulp chambers exposed in these mutant mice. The X-ray data were correlated with the micro-CT study. Quantitative micro-CT analysis demonstrated that the enamel layer was thin and there were significant differences between the control and Bmp2-cKO mice ( fig. 2 d, e) . Mineralized enamel sections through the mandibular first and second molars from the null mice displayed an enamel thickness of 58 and 60% of normal enamel in 3-monthold mice and of 50 and 62% of normal enamel in 5-monthold mice, respectively ( fig. 2 f-g ). Furthermore, micro-CT analysis revealed that the enamel density of incisors and molars was reduced ( fig. 2 d, e) . Gross morphology of teeth. a Genotyping. Tail genomic DNA from floxed Bmp2 and Bmp2-cKO mice was isolated and amplified by PCR using Bmp2-specific primers. The PCR products were run on 1.5% agarose gels and stained with ethidium bromide. M = DNA ladder; Con = negative control. Flox, Rec, and B2Ex3 were flox, recombinant, and Bmp2 exon 3 primers used for PCR, respectively. b-g In the mutant mice, incisors were asymmetric and open forked ( b , c ). The incisor edge was jagged with chipping (arrows) and the incisor tip was broken (arrowhead) ( d ). In normal mice, the enamel appeared smooth and opalescent, and incisors were symmetric ( e-g ). Con = Control mice; cKO = Bmp2 conditional knockout mice.
Characterization of Null Mouse Enamel by SEM
Mandibles from 3-and 5-month-old control and mutant mice were removed and incisors and molars were prepared for SEM. These results showed that incisor surfaces were rough, edges were jagged, and incisor tips were broken ( fig. 3 b) . A higher magnification showed that incisor surfaces appeared cobbled, and the enamel had lost its typical prismatic architecture ( fig. 3 d, f, g ) compared with that of the control group ( fig. 3 a, c, e) . In the Bmp2-null mice, molar cusps appeared rough with abrasion ( fig. 3 i) and higher magnification photographs showed that the molar surface had fissures ( fig. 3 k-m) compared to that of the control mice ( fig. 3 h, j) .
Discussion
In the present study, we investigated the role of Bmp2 in murine postnatal enamel formation by conditional mutant Bmp2 under the control of Osx-Cre. We found that Bmp2 is required for the specification of normal amelogenesis. Mice with a null Bmp2 gene lead to failure of normal enamel structure. This phenotype of teeth within the mutant mice shows a similar phenotype of amelogenin gene mutations in mice and humans [Lagerström et al., 1991; Gibson et al., 2001] .
Bmp2 is expressed in dental epithelium [Aberg et al., 1997; Chen et al., 2008] and its signaling is involved in am- X-ray and micro-CT of teeth. X-ray analysis of the enamel in the Bmp2-cKO ( a ) and control ( b ) mice. The mineral density of incisors and molars from Bmp2-cKO mice was decreased compared to control mice ( c ). The mineral density of teeth from the control mice acts as 100%, and asterisks ( * ) show significant differences between the control and Bmp2-cKO mice. The enamel layer was thin and the mineral density decreased in the 3-monthold Bmp2-null mice. Micro-CT analysis of teeth of the Bmp2-cKO ( d ) and control ( e ) mice. Light blue = Enamel thickness; yellow = mantle dentin; green = root dentin; red = dental pulp chamber; blue = alveolar bone. The mandibles from 3-month-old mice were subjected to micro-CT analysis by Numira, Inc. as described in Materials and Methods using parameters that were developed to measure the enamel width of the first and second molars. Significance was different between the control and Bmp2-cKO groups ( f , g ) (p ! 0.05). The mineral density of the enamel from the null mice was reduced as compared to the control groups. m = Months. Scale bar = 1 mm. [Miyoshi et al., 2008] . However, the role of Bmp2 in enamel formation in vivo has not been reported because mice with a traditionally targeted deletion of Bmp2 have embryonic lethality due to a failure of proamniotic canal closure or abnormal cardiac development, and they die at embryonic day 9.5 [Zhang and Bradley, 1996] . In order to investigate the role of Bmp2 in postnatal enamel in vivo, we crossed a line of mice in which the Cre recombinase gene was under the control of the Osx gene promoter with a mouse line containing the floxed Bmp2 allele [Ma et al., 2005] . This provides a tissue-specific Bmp2 knockout in dental epithelial cells because Osx is expressed in dental epithelial cells during tooth development [Chen et al., 2009; Hirata et al., 2009] . The phenotype we observed in the enamel of Bmp2-cKO, Osx-Cre mice exhibited severe defects in ameloblast differentiation and enamel mineralization as well as loss of normal enamel structure.
While many Bmp molecules besides Bmp2, including Bmp4 and Bmp7, are expressed during amelogenesis [Aberg et al., 1997] , our data suggest that other Bmp molecules cannot compensate for loss of Bmp2 in enamel formation. Mechanisms for the role of Bmp2 in enamel formation are not completely understood. Numerous factors have been shown to be important in enamel development Fig. 3 . SEM analysis of teeth. a-g Incisors from 3-month-old control and Bmp2-null mice. The incisor surface was smooth in the control mice ( a ), whereas the incisor surface was rough and its edge was jagged in the mutant mice ( b ). Higher-resolution images showed that the incisor appeared cobbled and had an irregular prismatic pattern and 'hole' in Bmp2-cKO mice ( d , f , g ) compared to control mice ( c , e ). h-m Molars from 3-monthold control and mutant mice. The molar cusps in the mutant mice were rough with shallow grooves ( i ), whereas the molar surface was smooth in the control mice ( h ). The molar surface in the mutant mice had fissures ( k-m ) as compared to the control mice ( j ). 
